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Abstract /9'&GLVWULEXWLRQQHWZRUNVKDYHWKHSRWHQWLDOWR
UHOHDVH ODUJHU FDSDFLW\ ZLWKRXW KDYLQJ WR XSJUDGH WKH H[LVWLQJ
FDEOHV 2QH RI WKH PDLQ FKDOOHQJHV RI /9'& QHWZRUNV LV WKH
H[WUD FXVWRPHUHQG '&$& FRQYHUVLRQ VWDJH 7KLV SDSHU
SURSRVHVDQGHYDOXDWHVDOHYHO6L026)(7EDVHG00&DVD
SURPLVLQJ DOWHUQDWLYH WR WKH FRQYHQWLRQDO OHYHO ,*%7EDVHG
FRQYHUWHU 7KLV LV GXH WR WKH FRPSDUDWLYHO\ KLJKHU HIILFLHQF\
SRZHU TXDOLW\ DQG UHOLDELOLW\ DQG UHGXFHG (0 HPLVVLRQV $
FRPSUHKHQVLYH DQDO\VLV RI D 6L 026)(7 OHYHO 00&
FRQYHUWHUGHVLJQLVSHUIRUPHGWRLQYHVWLJDWHWKHVXLWDELOLW\RIWKH
WRSRORJ\IRU/9'&DSSOLFDWLRQV'HWDLOHGWKHRUHWLFDODQDO\VLVRI
WKHOHYHO00&LVSUHVHQWHGZLWKVLPXODWHGDQGH[SHULPHQWDO
UHVXOWVWRGHPRQVWUDWHFLUFXLWSHUIRUPDQFH7RVXSSUHVVWKH$&
FLUFXODWLQJFXUUHQWHVSHFLDOO\WKHGRPLQDQWQGKDUPRQLFVWKLV
SDSHU SUHVHQWV D GRXEOH OLQHIUHTXHQF\ 3, ZLWK RUWKRJRQDO
LPDJLQDU\ D[LV FRQWURO PHWKRG &RPSDULVRQ RI VLPXODWLRQ DQG
H[SHULPHQWDO UHVXOWV ZLWK WKRVH IRU GRXEOH OLQHIUHTXHQF\ 35
FRQWURO VKRZV WKDW WKH SURSRVHG 3, FRQWUROOHU KDV EHWWHU
SHUIRUPDQFH ,Q DGGLWLRQ LW LV VLPSOHU WR LPSOHPHQW DQG PRUH
LPPXQHWRVDPSOLQJGLVFUHWLVDWLRQHUURUV

Index Terms&RQYHUWHU 'HVLJQ &XUUHQW 6XSSUHVVLRQ
&RQWURO'&$&/9'&00&3,ZLWK2UWKRJRQDO,PDJLQDU\
$[LV35
, 120(1&/$785(
/9'&±/RZYROWDJHGLUHFWFXUUHQW
00&±0RGXODUPXOWLOHYHOFRQYHUWHU
3,±3URSRUWLRQDOLQWHJUDO    35±3URSRUWLRQDOUHVRQDQW
60±6XEPRGXOH          65±6\QFKURQRXVUHFWLILFDWLRQ
,, ,1752'8&7,21
7KHFRQFHSWRI/9'&GLVWULEXWLRQKDVEHHQSURSRVHGDQG
KDV LQ UHFHQW \HDUV GUDZQ LQFUHDVLQJ DWWHQWLRQ 7KLV LV
EHFDXVHH[LVWLQJORZYROWDJH$&SRZHUGLVWULEXWLRQQHWZRUNV
IDFHFKDOOHQJHV IURP LQFUHDVHGORDGGHPDQGV LQFRPELQDWLRQ
ZLWK UDSLG GHSOR\PHQW RI QHZ WHFKQRORJLHV > @ ,Q
SDUWLFXODU WKH QXPEHU RI KLJKFDSDFLW\ SRZHU HOHFWURQLF
LQWHUIDFHVVXFKDVHOHFWULFYHKLFOHFKDUJHUVDQGHPEHGGHG39
JHQHUDWLRQ KDYH LQFUHDVHG VLJQLILFDQWO\ >@ /9'&
QHWZRUNV DUH DEOH WR SURYLGH LQFUHDVHG FDSDFLW\ ZLWKRXW WKH
QHHGWRXSJUDGHH[LVWLQJFDEOHV>@ 
'XH WR WKH H[LVWHQFH RI ZLGHVSUHDG $& ORDGV WKH
DGGLWLRQDO SRZHU ORVVHV DQG (0, LVVXHV FDXVHG E\ WKH
FRQYHQWLRQDO OHYHO ,*%7EDVHG FRQYHUWHU ZRXOG EHFRPH
RQH RI WKH PDLQ FKDOOHQJHV RI /9'& QHWZRUNV 7R LPSURYH
WKH HIILFLHQF\ SRZHU TXDOLW\ DQG UHOLDELOLW\ DV ZHOO DV WR
UHGXFH WKH (0 HPLVVLRQV WKLV SDSHU SURSRVHV D PRGLILHG
00&WRSRORJ\IRUDFXVWRPHUHQG'&$&FRQYHUVLRQVWDJH
DQGDWKRURXJKFRQYHUWHUGHVLJQ
00&LVDSURPLVLQJWRSRORJ\EXWLWKDVQRWEHHQDSSOLHG
SUHYLRXVO\ LQ ORZYROWDJH /9 DSSOLFDWLRQV &RPSDULVRQV
EHWZHHQ00&DQGOHYHOFRQYHUWHUVIRU/9DSSOLFDWLRQVDUH
GLVWLQFWO\ GLIIHUHQW WR WKRVH IRU KLJKYROWDJH +9
DSSOLFDWLRQV IRU WZRUHDVRQV WKHZLGHUDQJHRIDYDLODEOH
GHYLFH WHFKQRORJLHV DW /9 DQG  WKH GHVLJQ UHTXLUHPHQWV
LPSRVHG E\ WKH DSSOLFDWLRQV DUH YHU\ GLIIHUHQW +HQFH
WKHRUHWLFDODQDO\VLVDQGH[SHULPHQWDOYDOLGDWLRQDUHSUHVHQWHG
LQWKLVSDSHUWRLQYHVWLJDWHWKHDGYDQWDJHVDQGGLVDGYDQWDJHV
RI DSSO\LQJ 00& WR /9'& '&$& FRQYHUVLRQ $W /9
00&FHOOYROWDJH LV ORZHQRXJK IRU6L026)(7DQG*D1
+(07WREHXVHGLQVWHDGRI,*%7VSRWHQWLDOO\UHGXFLQJWKH
FRQGXFWLRQ ORVV GUDPDWLFDOO\ > @ ,Q DGGLWLRQ IRU /9
00& WKH XVH RI 026)(7V PHDQV WKDW Rdson FDQ EH
VLJQLILFDQWO\ UHGXFHG WKURXJK SDUDOOHO FRQQHFWLRQ DQG
V\QFKURQRXVUHFWLILFDWLRQEULQJLQJYHU\ORZFRQGXFWLRQORVV 
:LGHEDQGJDSGHYLFHVVXFKDV6L&DQG*D1DUHH[SHFWHG
WR UHSODFH 6L GHYLFHV DQG LPSURYH HIILFLHQF\ LQ OHYHO
FRQYHUWHUVDVZHOODV00&%\FRPSDULQJGLIIHUHQWFRQYHUWHU
WRSRORJLHV LQFOXGLQJ ,*%7 OHYHO 6L& 026)(7 OHYHO
*D1 +(07 00& DQG 6L 026)(7 00& LW KDV EHHQ
FRQFOXGHGWKDWDQ6L026)(7OHYHO00&ZLWKSDUDOOHO
FRQQHFWHG 026)(7V LV D SURPLVLQJ DOWHUQDWLYH WRSRORJ\ WR
UHSODFH WKH FRQYHQWLRQDO OHYHO ,*%7EDVHG FRQYHUWHU >
@7RWDO FRQYHUWHU HIILFLHQF\ LV FRPSDUHG LQ )LJ  DQG KDV
SUHYLRXVO\EHHQGLVFXVVHGLQGHWDLO >@0RGHOOLQJ ORVVHVIRU
SDUDOOHO FRQQHFWLRQ LV OHVV DFFXUDWH GXH WR YDULDWLRQV LQ
WKUHVKROG YROWDJH7KH ILUVW GHYLFH WR WXUQRQGLVFKDUJHVCds
DQGCgdLQDOOSDUDOOHOGHYLFHVLQFXUULQJPRUHORVVWKDQLIDOO
GHYLFHVZHUHWRWXUQRQVLPXOWDQHRXVO\'XULQJCgdGLVFKDUJH
LQ DQ RII GHYLFH WKH GLVFKDUJLQJ FXUUHQW WHQGV WR VORZ Cgs
FKDUJLQJ WKXV IXUWKHU VSUHDGLQJ RXW WXUQRQ WLPHV +HQFH
PHDVXUHGORVVIRUSDUDOOHOGHYLFHVLVJUHDWHUWKDQFDOFXODWHG
ORVV/RVVLQDVLQJOH00&PRGXOHZLWKSDUDOOHO,5)3
GHYLFHV ZDV PHDVXUHG XVLQJ KHDWVLQN WHPSHUDWXUH ULVH DQG
WKLVPHDVXUHGORVVKDVEHHQFRPELQHGZLWKFDOFXODWHGSDVVLYH
ORVVHVDQG LQFOXGHG LQ)LJ5HJDUGLQJSDVVLYHFRPSRQHQW
ORVV ERWK 00& DQG 6L& OHYHO FRQYHUWHUV KDYH
XQFHUWDLQWLHV $OWKRXJK 00& VXEPRGXOH HOHFWURO\WLF
FDSDFLWRUORVVZRXOGEHDGRPLQDWLQJIDFWRUDVWKHQXPEHURI
SDUDOOHOFRQQHFWHG GHYLFHV LQFUHDVHV >@ LI YROXPH LV QRW RI
JUHDWFRQFHUQILOPFDSDFLWRUVFDQDOPRVWHOLPLQDWHFDSDFLWLYH
ORVV7KHVLQJOHSKDVHOHYHOFRQYHUWHUUHTXLUHVDODUJH'&
VLGHFDSDFLWRUZKLFKLVVXEMHFWWRODUJHQGKDUPRQLFFXUUHQWV
OHDGLQJWRKLJKORVV&DOFXODWLRQVIRUOHYHOFRQYHUWHUVVKRZ
WKDWWKH$&VLGHLQGXFWDQFHLQFXUVORVVRIRYHU:GXHWR
KLJK506FXUUHQWRQWKHRXWSXWRIWKHVLQJOHSKDVHFRQYHUWHU
,QDGGLWLRQ6L&EULQJVLVVXHVZLWKSRWHQWLDO(0,>@
,*%7WRWDOFRQYHUWHUHIILFLHQF\LVFDOFXODWHGE\VXPPLQJ
VHPLFRQGXFWRU ORVVHV >@ ZLWK OHYHO FRQYHUWHU SDVVLYH
ILOWHU ORVVHV >@ JLYLQJ  )RU WKH OHYHO 6L 026)(7
00& HIILFLHQF\ LV LPSURYHG DQG LV SUHGLFWHG WR EH 
>@ RIIHULQJ LPSURYHG UHOLDELOLW\ WKURXJK FRROHU RSHUDWLRQ
8VLQJPHDVXUHG ORVVHIILFLHQF\ LV,W LVDOVRSRVVLEOH
IRU 00& WR SURYLGH UHGXQGDQF\ IRU IDLOXUH PDQDJHPHQW
WKXVWKHUHOLDELOLW\FDQEHIXUWKHULPSURYHG>@,QDGGLWLRQ
00&ZLWKDSSURSULDWHDUPFXUUHQWFRQWUROKDVQRQHHGIRUDQ
LQSXW ILOWHU DOORZLQJ WKH XVH RI VPDOOHU $& ILOWHUV ORZ
VZLWFKLQJ ORVVHV EHWWHU RXWSXW ZDYHIRUP TXDOLW\ DQG WKH
DELOLW\WRSUHYHQWFDSDFLWRUGLVFKDUJLQJFXUUHQW>@ 
)LJ   (IILFLHQF\ FRPSDULVRQ IRU WZR SKDVHOHJ 6L 026)(7 OHYHO
00& *D1 OHYHO 00& 6L& OHYHO 6L 026)(7 OHYHO DQG ,*%7 
OHYHOFRQYHUWHUVDWN:N+]9GF0 DQGXQLW\SRZHUIDFWRU
)LJ  '&QHWZRUNZLWKVLQJOHSKDVHFXVWRPHUHQG$&ORDGV
)LJ  VKRZV DQ H[DPSOH '& QHWZRUN ZLWK VLQJOHSKDVH
$& ORDGV VXSSOLHG WKURXJK FRQYHQWLRQDO OHYHO DQG 00&
FRQYHUWHUV 8QOLNH WKH SKDVH FRQYHUWHU ZKHUH WKH QG
KDUPRQLF FXUUHQW ZLOO EH FDQFHOOHG LQ WKH '& VLGH WKH
FRQYHQWLRQDO VLQJOHSKDVH LQYHUWHU ZLOO VXIIHU IURP HQKDQFHG
QGKDUPRQLFV7KLVKDUPRQLFFXUUHQWZLOOFLUFXODWHLQWKHILOWHU
FDSDFLWRU UHVXOWLQJ LQ ORVVHV DQG VLPLODU ORVVHV ZLOO DOVR EH
H[KLELWHG LQ WKH /9 00& +RZHYHU WKH LQKHUHQW HQHUJ\
VWRUDJH RI WKH 00& DOORZV FRQWURO DQG HOLPLQDWLRQ RI WKLV
KDUPRQLFFLUFXODWLQJFXUUHQWZLWKRXWWKHQHHGRIDEXON\LQSXW
ILOWHU
7KLV LQYHVWLJDWLRQ H[DPLQHV WKH DSSOLFDELOLW\ RI VLQJOH
SKDVH00&IRU/9DSSOLFDWLRQVZKHUHDNH\FRQVLGHUDWLRQ
LVHOLPLQDWLRQRIWKHQGKDUPRQLFIURPWKH'&LQSXWFXUUHQW
0XFKUHVHDUFKKDVVWXGLHGWKHVXSSUHVVLRQRI$&FLUFXODWLQJ
FXUUHQW LQ +9 00& 3URSRUWLRQDO UHVRQDQW 35 FRQWURO LV
RIWHQDGRSWHGEHFDXVHLWKDVKLJKJDLQDWVHOHFWHGIUHTXHQFLHV
DQG LW FDQ EH DSSOLHG WR ERWK VLQJOH DQG SKDVH FRQYHUWHUV
>@7RHOLPLQDWHPXOWLSOHKDUPRQLFVDPXOWLIUHTXHQF\
35FRQWUROOHUSDUDOOHOFRQQHFWHG35FRQWUROOHUVDWQGWKWK
DQG WK RUGHU KDUPRQLFV DUH UHFRPPHQGHG >@ 7KH 35
FRQWUROOHULVQGRUGHUPHDQLQJWKDW'63LPSOHPHQWDWLRQPD\
EHGLIILFXOWZKHQPDQ\SDUDOOHOFRQQHFWHG35FRQWUROOHUVDUH
UHTXLUHG 3, FRQWURO LQ WKH OLQHIUHTXHQF\ UHIHUHQFH IUDPH
>@ KDV D OLPLWHG JDLQ HVSHFLDOO\ DW WKH GRPLQDWLQJ QG
KDUPRQLF $ UHSHWLWLYHSOXV3, FRQWURO VWUDWHJ\ ZKHUH WKH
UHSHWLWLYH FRPSHQVDWRU LV DGGHG WR WUDFN WKH HUURU DQG
HOLPLQDWH PXOWLSOH KDUPRQLFV ZDV WKHUHIRUH SUHVHQWHG >@
$QRWKHU3,FRQWUROOHUIRUSKDVH00&EDVHGRQWKHGRXEOH
OLQHIUHTXHQF\ QHJDWLYHVHTXHQFH URWDWLRQDO FRRUGLQDWH
IUDPHKDVDOVREHHQSUHVHQWHG>@
  ,Q VHOHFWLQJ WKH FLUFXODWLQJ FXUUHQW FRQWURO PHWKRG IRU DQ
/9 00& DSSOLFDWLRQ VLPSOLFLW\ IHDVLELOLW\ DQG
HIIHFWLYHQHVV DUH WKH PDLQ FRQFHUQV $GGLWLRQDOO\ EHFDXVH
WKH QG KDUPRQLFV GRPLQDWH WKH FLUFXODWLQJ FXUUHQW WZR
PHWKRGVEDVHGRQGRXEOHOLQHIUHTXHQF\QDPHO\35FRQWURO
DQG3,ZLWKRUWKRJRQDOLPDJLQDU\D[LVFRQWUROZHUHVHOHFWHG
IRU FRPSDULVRQ XVLQJ VLPXODWLRQV DQG H[SHULPHQWV 2WKHU
HIIHFWLYH FRQWURO PHWKRGV VXFK DV UHSHWLWLYHSOXV3, FRQWURO
DQG PXOWLIUHTXHQF\ 35 FRQWURO DUH QRW FRQVLGHUHG IRU WKLV
/9 DSSOLFDWLRQ EHFDXVH RI WKHLU LQFUHDVHG FRPSOH[LW\ DQG
FRQWUROOHUV VXFK DV WKH 3, FRQWUROOHU EDVHG RQ WKH QHJDWLYH
VHTXHQFHURWDWLRQDOFRRUGLQDWHIUDPHDUHQRWVHOHFWHGEHFDXVH
WKH\ DUH QRW VXLWDEOH IRU VLQJOHSKDVH RSHUDWLRQ >±@
$PRQJ WKH VHOHFWHG FRQWUROOHUV WKH 35 FRQWUROOHU LV D
FRPPRQO\ XVHG PHWKRG EDVHG RQ SUHYLRXVO\ UHSRUWHG
UHVHDUFK>@7KHVLQJOHSKDVHGRXEOHOLQHIUHTXHQF\3,
FRQWUROOHUSURSRVHGLQ WKLVSDSHU LVDQRYHOPRGLILHGFRQWURO
PHWKRGEDVHGRQ>@7KHQRYHOW\LVWKDWZKLOH>@XVHVGT
WUDQVIRUPDWLRQ IRU SKDVH WKLV SDSHU LQWURGXFHV DQ
RUWKRJRQDO LPDJLQDU\ D[LV WR JHQHUDWH D URWDWLQJ IUDPH IRU
VLQJOHSKDVH00&7KHGLIIHUHQFHVEHWZHHQWKHSURSRVHG3,
FRQWURO PHWKRG DQG > @ DUH WKDW WKH UHIHUHQFH IUDPH
URWDWLQJ DW GRXEOH WKH OLQH IUHTXHQF\ HQDEOHV WKH QRYHO 3,
FRQWUROOHUSURSRVHGKHUHWRDFKLHYH]HURVWHDG\VWDWHHUURUDW
+]ZKLOVW>@FRQVWDQWO\KDVWKLVVWHDG\VWDWHHUURUDQG
>@DGRSWHGDUHSHWLWLYHFRPSHQVDWRUWRWUDFNWKLVHUURU
7R LQYHVWLJDWH WKH VXLWDELOLW\ RI VLQJOHSKDVH 00& IRU
/9'&GLVWULEXWLRQQHWZRUNVDSSOLFDWLRQVGHWDLOHGSDUDPHWHU
VL]LQJ LV SUHVHQWHG LQ WKLV SDSHU7KH FRQWULEXWLRQ UHJDUGLQJ
FDSDFLWRUVL]LQJLVWKHGHULYDWLRQRIDQHTXDWLRQIRUWKH]HUR
FURVVLQJSRLQWVDQGHQHUJ\GHYLDWLRQIRUVLQJOHSKDVH00&
,Q FRQWUDVW WR +9 00& DSSOLFDWLRQV DQ RXWSXW ILOWHU LV
UHTXLUHGIRU/900&$QRWKHUFRQWULEXWLRQLV WKHUHIRUHWKH
RXWSXWILOWHUVL]LQJHTXDWLRQVIRUVLQJOHSKDVH/900&
:KLVWHIILFLHQF\ LVD VLJQLILFDQWEHQHILWRIIHUHGE\00&
LQ/9'&DSSOLFDWLRQVWKLVLVQRWH[SORUHGLQWKLVSDSHUVLQFH
LW KDV EHHQ H[DPLQHG IXOO\ LQ SUHYLRXV SXEOLFDWLRQV > @
'\QDPLFFXUUHQWVKDULQJEHWZHHQWKH IRXUSDUDOOHOFRQQHFWHG
GHYLFHV KDV OLWWOH LPSDFW EHFDXVH RI WKH UHODWLYHO\ ORZ
VZLWFKLQJ IUHTXHQF\ RI HDFK GHYLFH >@ 7KHUHIRUH SDUDOOHO
FRQQHFWLRQZLOOQRWEHIXUWKHUFRQVLGHUHGLQWKLVSDSHU 
7KLVSDSHULVRUJDQLVHGDVIROORZV6HFWLRQ,,,SUHVHQWVWKH
SDUDPHWHU VL]LQJ RI 00& DQG WKH RXWSXW ILOWHU GHVLJQ 7R
VXSSUHVV WKH QG RUGHU KDUPRQLFV LQ WKH FLUFXODWLQJ FXUUHQW
ERWK 35 DQG 3, ZLWK RUWKRJRQDO LPDJLQDU\ D[LV FRQWUROOHUV
DUHGHVLJQHGLQ6HFWLRQ,92XWSXWYROWDJHUHJXODWLRQLVDOVR
LQWURGXFHG WR PDLQWDLQ ZDYHIRUP TXDOLW\ RI RXWSXW YROWDJH
([SHULPHQWDO UHVXOWV IRU OHYHO 00& DUH SUHVHQWHG LQ
6HFWLRQ9
,,,026)(700&'(6,*1
6LQFHWKHDSSOLFDWLRQRI00&LQ/9LVGLIIHUHQWLQ+9DQG
WKH FLUFXODWLQJ FXUUHQW SURSHUW\ LV GLIIHUHQW IRU VLQJOHSKDVH
WKDQ IRU SKDVH D FRPSUHKHQVLYH DQDO\VLV LV FDUULHG RXW LQ
WKLVVHFWLRQ 
$SKDVHOHJ00&WRSRORJ\DQGWKHDYHUDJHPRGHORID
VLQJOHSKDVH 00& DUH SUHVHQWHG LQ )LJ  DQG )LJ 
UHVSHFWLYHO\>@(DFK60FRQWDLQV WZR026)(7VDQG
RQHFDSDFLWRUZKLFKDFWVDVDQHQHUJ\VWRUDJHFRPSRQHQWWKDW
PD\ EH LQVHUWHG LQ WKH VHULHV SDWK RU E\SDVVHG DFFRUGLQJ WR
WKH VZLWFKLQJ VWDWH RI WKH 026)(7V >@ $GGLWLRQDOO\ WR
VLPSOLI\WKHVL]LQJSURFHGXUH WKHIROORZLQJDVVXPSWLRQVDUH
PDGH
7KHFXUUHQWVXSSUHVVLRQFRQWUROHOLPLQDWHVDOOKDUPRQLFV
DQGWKHUHPDLQLQJFLUFXODWLQJFXUUHQWidiffRQO\KDVD'&
FRPSRQHQWIdc
$OOFDSDFLWRUVDQGDOOVZLWFKHVDUHLGHQWLFDO
60FDSDFLWRUYROWDJHVDUHLQVWDQWDQHRXVO\EDODQFHG
,Q )LJ  RXWSXW YROWDJH Vao DQG FXUUHQW iao DUH DVVXPHG
VLQXVRLGDO ZLWK ODJJLQJSKDVH DQJOHĳ DQGDUH JLYHQ E\ 
DQGZKHUHMLVWKHPRGXODWLRQLQGH[௔ܸ௢ ൌ ܯ 	 ? ߱ݐ 	 ?௏೏೎ଶ     ݅௔௢ ൌ ܫ௔௢ ሺ߱ݐ െ ߮ሻ 
$FFRUGLQJWR>@DQGDVVXPSWLRQ WKHXSSHUDQGORZHU
DUPFXUUHQWViauDQGialFDQEHH[SUHVVHGDVDQGZKHUH
IdcLVWKH'&FRPSRQHQWRIidiffLQRQHSKDVHOHJ݅௔௨ ൌ ݅ௗ௜௙௙ ൅ ௜ೌ೚ଶ ൌ ܫௗ௖ ൅ ௜ೌ೚ଶ              ݅௔௟ ൌ ݅ௗ௜௙௙ െ ௜ೌ೚ଶ ൌ ܫௗ௖ െ ௜ೌ೚ଶ                 
7KHXVHRIPXOWLOHYHOPRGXODWLRQDOORZVWKHJHQHUDWLRQRI
ORZGLVWRUWLRQ RXWSXW YROWDJH ZLWKRXW WKH QHHG IRU D EXON\
RXWSXW KDUPRQLF ILOWHU RU KLJK VZLWFKLQJ IUHTXHQF\ >@ ,Q
WKLVVHFWLRQWKHRXWSXWZDYHIRUPTXDOLW\ZLOOEHDQDO\VHGDQG
WKHRXWSXWILOWHUGHVLJQHG 

)LJ  SKDVHOHJQOHYHO00&
)LJ  $YHUDJHPRGHORIDVLQJOHSKDVH00&
A.   Submodule Capacitor Sizing 
7KH00&UHOLHVRQFKDUJHG60FDSDFLWRUVWREXLOGXSWKH
RXWSXW $& YROWDJH 7KH FDSDFLWDQFHV VKRXOG EH PLQLPLVHG
ZKLOVW PDLQWDLQLQJ YROWDJH IOXFWXDWLRQ ZLWKLQ  RI WKH
QRPLQDO YDOXH >@ ,Q WKLV VHFWLRQ WKH FDSDFLWRU YDOXH LV
REWDLQHG EDVHG RQ LWV PD[LPXP HQHUJ\ GHYLDWLRQ 7KH
V\PEROVXVHGLQWKHDQDO\VLVDUHGHILQHGDVIROORZV
x VCLVWKHDYHUDJHVXEPRGXOHFDSDFLWRUYROWDJH
x VC_nomLVWKHQRPLQDO60FDSDFLWRUYROWDJH
x ǻVmaxLVWKHPD[LPXPYROWDJHGLIIHUHQFHLQSX
/HYHOVKLIWHG 63:0 PRGXODWLRQ VSHFLILFDOO\ SKDVH
RSSRVLWLRQ GLVSRVLWLRQ 32' LV H[SORLWHG WR JHQHUDWH D
VLQXVRLGDORXWSXWZDYHIRUP7KHFXPXODWLYHXSSHUDQGORZHU
DUP YROWDJHV Vau DQG Val FDQ EH H[SUHVVHG DV  DQG 
UHVSHFWLYHO\ LQ ZKLFK mu DQG ml GHVFULEH WKH VZLWFKLQJ
DFWLRQVLQWKHXSSHUDQGORZHUDUPVUHVSHFWLYHO\௔ܸ௨ ൌ ݉௨ 	 ?ௗܸ௖ ൌ ቀଵଶെ ଵଶܯ 	 ? ߱ݐቁ 	 ? ܸௗ௖     ௔ܸ௟ ൌ ݉௟ 	 ?ௗܸ௖ ൌ ቀଵଶ൅ ଵଶܯ 	 ? ߱ݐቁ 	 ? ܸௗ௖  
7KHDYHUDJHHQHUJ\VWRUHG LQRQHDUPEarmDQGSHDNWR
SHDNHQHUJ\GHYLDWLRQ¨EarmDUHJLYHQE\DQGܧ௔௥௠ ൌ ௡ଶ 	 ? ܥ௦௨௕ 	 ?஼ܸଶ  	?ܧ௔௥௠ ൌ ௡ଶ 	 ? ܥ௦௨௕ 	 ? ൣ஼ܸ೙೚೘ሺ	 ? ൅ 	 ?௠ܸ௔௫ሻ൧ଶ 
         െ ௡ଶ 	 ? ܥ௦௨௕ 	 ? ሾ஼ܸ	?௡௢௠ሺ	 ? െ 	 ?௠ܸ௔௫ሻሿଶ   
7KHPLQLPDO60FDSDFLWDQFHCsubFDQEHGHULYHGDV
ܥ௦௨௕ ൌ 	?ாೌ ೝ೘ଶ௡	?௏಴	?೙೚೘మ	긃?௏೘ೌೣ ൌ ௡	?	?ாೌೝ೘ଶ௏೏೎మ	긃?௏೘ೌೣ  
$SSDUHQWSRZHU_S|LVJLYHQE\DQGE\FRPELQLQJLW
ZLWKDQGWKHLQVWDQWDQHRXVSRZHUIORZLQWRWKHXSSHU
DUPFDQEHGHULYHGE\ LQZKLFKP LV UHDOSRZHU WR WKH
00&DQGFRVĳLVWKHSRZHUIDFWRUȁܵҧȁ ൌ ௉ୡ୭ୱఝ ൌ ௏೏೎	긋?ூ೏೎ୡ୭ୱఝ   ݌௔௥௠ି௨௣ሺݐሻ ൌ ௔ܸଵሺݐሻ 	 ? ݅௔௨ሺݐሻ    ൌ ȁܵҧȁ ଵସெ ሺ	 ? െ ܯ ߱ݐሻ 	?ሾܯ ߮ ൅ 	 ? ሺ߱ݐ െ ߮ሻሿ  
(QHUJ\ VWRUHG LQ RQH DUP FDQ EH REWDLQHG E\ LQWHJUDWLQJ
SRZHUZLWKUHVSHFWWRWLPH%\LQWHJUDWLQJParm_up(t)EHWZHHQ
t1 DQG t2 ZKHUH t1 DQG t2 DUH WKH ]HUR FURVVLQJ SRLQWV RI
Parm_up )LJ  WKH SHDNWRSHDN HQHUJ\ YDULDWLRQ FDQ EH
FDOFXODWHG)LJ7KHV\PEROLFVROXWLRQIRUǻEarm LVJLYHQ
E\7KHV\PEROLFHTXDWLRQVDUHWKHFRQWULEXWLRQVRIWKLV
SDSHU ݐ	? ൌ ଵఠ ሾ߮ െ ିଵሺ	?Ǥ	?ܯ  ሻ߮ሿ  ݐ	? ൌ ଵఠ ሾߨ ൅ ߮ ൅ ିଵሺ	?Ǥ	?ܯ  ሻ߮ሿ  	?ܧ௔௥௠ ൌ ׬ ௔ܲ௥௠ି௨௣ሺݐሻ௧ଶ௧ଵ ݀ݐ 
      ൌ ȁௌҧȁఠ 	?ଵெ ቀ	? െଵସܯଶ ଶ ߮ቁଵǤହ   
 )LJ3RZHUIORZWKURXJKWKHDUP )LJ  (QHUJ\VWRUHGLQWKHDUP
7KH PD[LPXPǻEarm RFFXUV ZKHQ cosĳ  LH ]HUR UHDO
SRZHUDQGLVJLYHQE\$GGLWLRQDOO\DORZHUYDOXHRIM 
ZRXOGOHDGWRDKLJKHUHQHUJ\GHYLDWLRQ	?ܧ௔௥௠ି௠௔௫ ൌ ȁௌҧȁఠ 	?ଵெ                     
7KHUHIRUH WKHPLQLPXPFHOO FDSDFLWDQFH UHTXLUHG IRU WKH
VLQJOHSKDVH00&LVJLYHQE\ܥ௦௨௕ ൌ ௡	?ȁௌҧȁଶఠ	?ெ	긋?೏೎మ	긃?௏೘ೌೣ  
$FFRUGLQJWRWKHUHTXLUHGFDSDFLWDQFHIRUDOHYHO
SKDVHOHJ  N:  9GF   9DF 00& LV  P) 7KH
0DWODEVLPXODWLRQRI)LJVKRZVWKDW60FDSDFLWRUYROWDJHV
LQRQHSKDVHOHJDUHZHOOEDODQFHGDQGWKDWWKHYROWDJHULSSOH
LVZKLFKLVZLWKLQWKHGLVWRUWLRQOLPLW
B.   Arm Inductor Sizing 
,Q 00& WKH IXQFWLRQ RI WKH DUP LQGXFWRUV Larm LV WR
OLPLW WKH FLUFXODWLQJ FXUUHQW ZKLFK UHVXOWV IURP WKH YROWDJH
GLIIHUHQFHudiffEHWZHHQWKH'&VLGHYROWDJHDQGWKHYROWDJHLQ
RQHSKDVHOHJ ,QVRPHDSSOLFDWLRQVVXFKDV+9'&V\VWHP
DUPLQGXFWRUVDUHDOVRDNH\WROLPLWLQJWKH'&IDXOWFXUUHQW
>@ ,Q WKLV VWXG\ WKH PDLQ FRQVLGHUDWLRQ LV WKH FLUFXODWLQJ
FXUUHQWFRQVWUDLQW
)LJ   &DSDFLWRU YROWDJHV IRU D  60 SHU DUP OHYHO SKDVHOHJ 00&
ZLWKP)60FDSDFLWDQFH
9ROWDJH GLIIHUHQFH udiff FDQ EH JLYHQ E\  >@ ,WV
PD[LPXPYDOXHFDQVXEVHTXHQWO\EHGHULYHGDVݑௗ௜௙௙ ൌ ௏೏೎ିሺ௩ೌೠା௩ೌ೗ሻଶ ൌ ௡଼஼ೞೠ್ ቄെ ଷସఠܯ 	 ? ܫ௔௢ 	?ሺ	?߱ݐ െ ሻ߮ ൅ ଵఠܯଶܫௗ௖ 	 ? ሺ	?߱ݐሻቅ  ൌ ௡	?ூ೏೎଼ఠ஼ೞೠ್ 	?ඥሺܯଶ െ 	 ?ሻଶ ൅ 	 ? ଶ ߮ 	 ? ሺ	 ?߱ݐ െ ߠሻ    
ZKHUH ߠ ൌ ିଵሺଷ ୲ୟ୬ఝெమିଷ ሻݑௗ௜௙௙	?௠௔௫ ൌ ௡	?ூ೏೎଼ఠ஼ೞೠ್ 	?ඥሺܯଶ െ 	 ?ሻଶ ൅ 	 ? ଶ ߮  
7KH SHDNWRSHDN YDOXH RI WKH FLUFXODWLQJ FXUUHQW DW WKH
VZLWFKLQJIUHTXHQF\FDQEHJLYHQE\ܫ௣௣ ൌ ௨೏೔೑೑௅ೌೝ೘ 	 ? 	 ?ܶ   
6LQFH WKH ODUJHVW¨T ZRXOG EH TS WKH ODUJHVW Ipp FDQ EH
H[SUHVVHGDVܫ௣௣	?௠௔௫ ൌ ݑௗ௜௙௙	?௠௔௫ܮ௔௥௠ 	 ?ௌܶൌ ௡	?ூ೏೎	긋?ೄ଼ఠ௅ೌೝ೘஼ೞೠ್ 	?ඥሺܯଶ െ 	 ?ሻଶ ൅ 	 ? ଶ ߮   
Ipp_max LV OLPLWHG LQWR  RI '& VLGH FXUUHQW Id LQ WKLV
VWXG\ ܫ௣௣	?௠௔௫ ൌ 	 ?Ǥ	 ?	 ?ܫௗ ൌ 	 ?Ǥ	 ?ܫௗ௖ 
*LYHQWKLVWKHUHTXLUHGLarmVKRXOGEHDWOHDVWܮ௔௥௠ ൌ ହ௡ସఠ஼ೞೠ್௙ೞ 	?ඥሺܯଶ െ 	 ?ሻଶ ൅ 	 ? ଶ ߮   
%\DSSO\LQJLarm P+LVUHTXLUHGIRUWKHN:
SKDVHOHJ OHYHO 00& ZLWK  9GF DQG  9DF 7KH
0DWODE VLPXODWLRQ UHVXOWV IRU DUP FXUUHQWV DQG '& LQSXW
FXUUHQW DUH SUHVHQWHG LQ )LJ  ZKLFK VKRZV WKDW WKH '&
FXUUHQWULSSOHLVDQGPHHWVWKHFXUUHQWOLPLWDWLRQ
        



&DSDFLWRU9ROWDJHVRI3KDVH$9F9
7LPHV
        



7LPHV
3RZHUIORZHGLQWKHDUP
(QHUJ\VWRUHGLQWKHDUP
¨Earm 

)LJ   6LPXODWLRQ UHVXOWV RI DUP FXUUHQWV DQG FLUFXODWLQJ FXUUHQW LQ D 
SKDVHOHJOHYHO00&Vdc 9Vout 9N: Larm P+
C.   Output Filter Design 
,Q HVWDEOLVKHG +9 00& DSSOLFDWLRQV ODUJH QXPEHUV RI
60VDUH UHTXLUHG WR VXSSRUW WKH'&YROWDJH7KLV ODUJH60
QXPEHU SHUPLWV XVH RI ORZ VZLWFKLQJ IUHTXHQF\ µVWDLUFDVH¶
PRGXODWLRQZLWKPLQLPDOGLVWRUWLRQDQGQRILOWHUUHTXLUHPHQW 
+RZHYHU WKH /9 00& LQYHVWLJDWHG LQ WKLV SDSHU XVHV
UHODWLYHO\IHZ60VQHFHVVLWDWLQJWKHXVHRI3:0UDWKHUWKDQ
WKHFRPPRQORZIUHTXHQF\PRGXODWLRQ7KHUHIRUH WKH ILOWHU
GHVLJQLVVSHFLDOLVHGIRU00&LQ/9'&
$V VKRZQ LQ 7DEOH  IRU D  N:  9GF   9DF
N+]00&ZLWKOHYHOVKLIWHG63:0PRGXODWLRQDVPDOO
RXWSXWILOWHULVUHTXLUHGZKHQIHZHUWKDQOHYHOVDUHXVHGLQ
RUGHUWRPHHWWKHGLVWRUWLRQOLPLW
7DEOH   7+' DQDO\VLV RI RXWSXW YROWDJH DQG FXUUHQW IRU 00& ZLWK
GLIIHUHQWQXPEHUVRIOHYHOVN:N+]9GF9DFSRZHU
IDFWRUOHYHOVKLIWHG63:0PRGXODWLRQ
00&/HYHOV 2XWSXW&XUUHQW7+' 2XWSXW9ROWDJH7+'
OHYHO  
OHYHO  
OHYHO  
OHYHO  
OHYHO  
$ ODUJH ILOWHU LQGXFWDQFH L ZRXOG LQFUHDVH FRQYHUWHU
YROXPH DQG FRVW VLJQLILFDQWO\ ZKLOVW D ODUJH FDSDFLWDQFH C
ZRXOG GUDZ ODUJH FXUUHQW IURP WKH FRQYHUWHU LQFUHDVLQJ
VZLWFKLQJ GHYLFH VWUHVVHV 6HOHFWLQJ L DQG C WKHUHIRUH
UHTXLUHVDGHVLJQWUDGHRII 
7KHJDLQRIDSDVVLYH/&ILOWHUDWFXWRII IUHTXHQF\ Ȧn LV
LQILQLWH ZKLOVW D SDUDOOHO GDPSHG ILOWHU KDV D VLJQLILFDQWO\
GDPSHGJDLQDWȦn7KLVDOORZVDKLJKHUEDQGZLGWKDQGEHWWHU
QRLVHVXSSUHVVLRQIRUWKHIHHGEDFNFRQWURO)LJSUHVHQWVWKH
HTXLYDOHQW FLUFXLW RI DQ00&ZLWK DSDUDOOHO GDPSHG ILOWHU
7KHXSSHUDQG ORZHUDUPLQGXFWDQFHVLarm LQRQHSKDVHFDQ
EH UHJDUGHGDVFRQQHFWHG LQSDUDOOHODQG WRVHUYHDVSDUWRI
WKH RXWSXW ILOWHU 7KH VHULHVFRQQHFWHG UHVLVWRU Rf DQG
FDSDFLWRUCf2DUHFRQQHFWHGLQSDUDOOHOZLWKFDSDFLWRUCf17KH
SXUSRVHRIUHVLVWRURfLVWRUHGXFHWKHRXWSXWSHDNLPSHGDQFH
RIWKHILOWHUDWWKHFXWRIIIUHTXHQF\&DSDFLWRUCf2EORFNVWKH
ORZ IUHTXHQF\ FRPSRQHQW RI WKH LQSXW YROWDJH DQG UHGXFHV
SRZHUGLVVLSDWLRQLQWKHILOWHUUHVLVWDQFH>@
)LJ  (TXLYDOHQWFLUFXLWRISKDVHOHJ00&ZLWKSDUDOOHOGDPSHGILOWHU
7KHWUDQVIHUIXQFWLRQDQGFXWRIIIUHTXHQF\IRUWKHSDUDOOHO
GDPSHGILOWHUDUHJLYHQE\DQGUHVSHFWLYHO\ܩ௙௜௟௧௘௥ ൌ ஼మோ௦ାଵ஼భ஼మ௅ோ௦మାሺ஼భା஼మሻ௅௦మା஼మோ௦ାଵ  ߱௡ ൌ ଵ	?௅஼    
)RU ORZYROWDJH 00& RQO\ D FDSDFLWRU LV QHHGHG WR
FRPSOHWH WKH RXWSXW ILOWHU )RU H[DPSOH WKH RXWSXW YROWDJH
7+'IRUDN+]OHYHO00&ZLWKSDUDPHWHUV OLVWHG LQ
7DEOHLVZLWKRXWDQRXWSXWILOWHU7KH))7DQDO\VLV
VKRZQ LQ )LJ D LQGLFDWHV WKH KLJK GLVWRUWLRQ DSSHDUV DV
VLGHEDQGV FHQWHUHG DURXQG PXOWLSOHV RI WKH VZLWFKLQJ
IUHTXHQF\7KHUHIRUHWKHFXWRIIIUHTXHQF\RIWKHILOWHUQHHGV
WREHORZHUWKDQWKHVZLWFKLQJIUHTXHQF\7KHLPSHGDQFHRI
FDSDFLWRU Cf2 VKRXOG EH ORZHU WKDQ Rf DW WKH UHVRQDQW
IUHTXHQF\ZKLOHLWVFDSDFLWDQFHVKRXOGEHKLJKHUWKDQCf1 VR
WKDW WKH FXWRII IUHTXHQF\ RI WKH PDLQ ILOWHU ZLOO QRW EH
DIIHFWHG>@
7KH))7DQDO\VLV VKRZQ LQ)LJDVXJJHVWVDN+]
KDUPRQLF GRPLQDWHV %\ VHWWLQJ WKH FXWRII IUHTXHQF\ HTXDO
WRRIN+]DQGDSSO\LQJDSDUDOOHOGDPSHGILOWHU
ZLWK Cf1  Q) FDQ EH VHOHFWHG 7KH RSWLPXP GDPSLQJ
UHVLVWDQFHRf DQGFDSDFLWDQFHYDOXHCf2DUHJLYHQE\DQG
>@ZKLFKUHVXOWVLQ Cf2 Q)DQGRf 
௙ܴ ൌ ට௅ೌೝ೘஼೑భ    ܥ௙ଶ ൌ 	 ?ܥ௙ଵ  
7KHRXWSXWVSHFWUXPVKRZQLQ)LJELQGLFDWHVWKDWWKH
ILOWHUFDQPHHWWKHGLVWRUWLRQWDUJHW
7DEOH  &LUFXLWSDUDPHWHUVIRUSKDVHOHJOHYHO00&
,QSXW9ROWDJH  9 2XWSXW9ROWDJH  9
0RGXODWLRQ,QGH[   2XWSXW&XUUHQW  $UPV
$UP,QGXFWDQFH P+ 60&DSDFLWDQFH P)
3RZHU)DFWRU  Idc $
5HDO3RZHU N: /RDG5/ 
6ZLWFKLQJ)UHTXHQF\ N+] /RDG// P+
        




$UPFXUUHQWV$
8SSHU$UP&XUUHQW
/RZHU$UP&XUUHQW
'&LQSXWFXUUHQW
        
7LPHV


 '&LQSXWFXUUHQW$
DZLWKRXWRXWSXWILOWHU EZLWKSDUDOOHOGDPSHGILOWHU
)LJ  ))7DQDO\VLVRIOHYHOSKDVHOHJ00&RXWSXWOLQHYROWDJH
,9026)(700&&21752/675$7(*,(6 
7KHGLIIHUHQFHEHWZHHQ WKH'&OLQNYROWDJHDQG WKH VXP
RI WKH DUP YROWDJHV OHDGV WR D FLUFXODWLQJ FXUUHQW ZKLFK
LQFUHDVHV FRQYHUWHU SRZHU ORVV )RU VLQJOHSKDVH FRQYHUWHUV
WKHFLUFXODWLQJFXUUHQW LVD VHULRXV LVVXHDV WKHQGKDUPRQLF
IURP HDFK DUP VXPV DW WKH '& VLGH )RU /9'& QHWZRUNV
ZLWKVLJQLILFDQW VLQJOHSKDVH ORDGLQJ WKLVQG KDUPRQLF PD\
UHVXOW LQ ODUJHU FDEOH ORVV RU HYHQ QHWZRUN PDOIXQFWLRQ
&RQYHQWLRQDO FRQYHUWHUV DGGUHVV WKLV LVVXH E\ WKH XVH RI
SDVVLYH LQSXW ILOWHUV ZLWK DVVRFLDWHG ORVVHV DQG WKH ULVN RI
V\VWHPUHVRQDQFH7KHLQWHUQDOFDSDFLWDQFHRI WKH/900&
VWUXFWXUH SHUPLWV DFWLYH HOLPLQDWLRQ RI WKHVH KDUPRQLFV
UHVXOWLQJLQDQHDU'&LQSXWFXUUHQW,QWKLVVHFWLRQERWKWKH
EDVLFFRQYHQWLRQDO35FRQWURODQGGRXEOHOLQH IUHTXHQF\3,
FRQWURO ZLWK RUWKRJRQDO LPDJLQDU\ D[LV DUH GHVLJQHG DQG
FRPSDUHG9ROWDJH UHJXODWLRQ LV DOVR LQWURGXFHG WR PDLQWDLQ
RXWSXWYROWDJHGXULQJFKDQJLQJORDGFRQGLWLRQV
A.   Current Suppression Control 
1) Generation of 2nd Harmonic Current 
%DVHGRQWKHDYHUDJHPRGHOVKRZQLQ)LJWKHFDSDFLWRU
FXUUHQWLQHDFK60FDQEHJLYHQE\WKHSURGXFWRIVZLWFKLQJ
DFWLRQDQGDUPFXUUHQWViau DQGialDVVKRZQLQDQG݅௖௨ሺݐሻ ൌ ݅௔௨ 	 ? ௨݉
 ൌ ሺܫௗ௖ ൅ ூೌ೚ଶ ሺ߱ݐ െ ߮ሻሻ 	? ቀଵଶെ ଵଶܯ 	 ? ߱ݐቁ  ݅௖௟ሺݐሻ ൌ ݅௔௟ 	 ? ௟݉
 ൌ ቀܫௗ௖ െ ூೌ೚ଶ ሺ߱ݐ െ ߮ሻቁ 	 ? ቀଵଶ൅ ଵଶܯ 	 ? ߱ݐቁ  
(TXDWLRQ  LV GHULYHG IURP  ZKLFK VKRZV WKDW icu
FDQ EH H[SDQGHG WR '& IXQGDPHQWDO DQG QG KDUPRQLFV RI
WKH JULG IUHTXHQF\ ,Q VWHDG\ VWDWH WKH '& FRPSRQHQW RI
FDSDFLWRU FXUUHQW VKRXOG EH ]HUR 7KHUHIRUH WKH DYHUDJH
XSSHU DUPFDSDFLWRU FXUUHQW FDQ EH H[SUHVVHG DV WKH VXP RI
IXQGDPHQWDOIUHTXHQF\ DQG QG KDUPRQLF FRPSRQHQWV DV
VKRZQLQ݅௖௨ሺݐሻ ൌ ଵଶ ቀܫௗ௖ െ ୑ସ ܫ௔௢  ߮ቁ െ ቂெଶ ܫௗ௖ 	 ? ߱ݐ െଵସ ܫ௔௢ ሺ߱ݐ െ ߮ሻቃ ൅ ୑଼ ܫ௔௢ ሺ	?߱ݐ ൅ ሻ߮  
݅௖௨ሺݐሻ ൌ െ݅௖ሺଵሻሺݐሻ ൅ ݅௖ሺଶሻሺݐሻ               
ZKHUH ݅௖ሺଵሻሺݐሻ ൌ ெଶ ܫௗ௖ 	 ? ݏ݅݊߱ݐ െଵସ ܫ௔௢ ሺ߱ݐ ൅ ߮ሻ 
DQG   ݅௖ሺଶሻሺݐሻ ൌ ெ଼ ܫ௔௢ ሺ	?߱ݐ ൅ ሻ߮
6LPLODUO\ORZHUDUPFDSDFLWRUFXUUHQWLVJLYHQE\݅௖௟ ൌ ݅௖ሺଵሻሺݐሻ ൅ ݅௖ሺଶሻሺݐሻ                    
7KHnthKDUPRQLFRIFDSDFLWRUULSSOHYROWDJHLVWKHSURGXFW
RI WKH FRUUHVSRQGLQJ FDSDFLWRU UHDFWDQFH DW nȦ DQG WKH nth
KDUPRQLF RI FDSDFLWRU FXUUHQW $V VKRZQ LQ  	?ݑ஼ሺ௡ሻሺݐሻGHQRWHV WKH nWK KDUPRQLF RI FDSDFLWRU YROWDJH DQG FDQ EH
UHSUHVHQWHGE\ ௡ܸ݊ ߱ݐ	?ݑ஼ሺ௡ሻሺݐሻ ൌ ௜೎ሺ೙ሻሺ௧ሻ࢐௡ఠ஼ ՜ ௡ܸ݊ ߱ݐ             
+HQFH WKH WRWDO FDSDFLWRU ULSSOH YROWDJH DW IXQGDPHQWDO
DQGQGKDUPRQLFIUHTXHQFLHVIRUXSSHUDQGORZHUFHOOVFDQEH
UHSUHVHQWHGDVǻVcu DQGǻVclUHVSHFWLYHO\	? ௖ܸ௨ ൌ െ ଵܸ߱ ݐ ൅ ଶܸ	?߱ݐ 	? ௖ܸ௟ ൌ ଵܸ߱ ݐ ൅ ଶܸ	?߱ݐ 
7KHUHIRUHWKHULSSOHYROWDJHDFURVVWKH60WHUPLQDOVLV	? ௔ܸ௨ ൌ ݉௨ 	 ? 	 ?ܸ௖௨ ൌሺଵଶെ ெଶ 	 ? ߱ݐሻ 	 ? ሺെܸଵ ߱ݐ ൅ ଶܸ  	?߱ݐሻ  	? ௔ܸ௟ ൌ ݉௟ 	 ? 	 ?ܸ௖௟ ൌሺଵଶ൅ ெଶ 	 ? ߱ݐሻ 	 ? ሺܸଵ ߱ݐ ൅ ଶܸ  	?߱ݐሻ  
5LSSOHYROWDJHDFURVVWKHSKDVHLVJLYHQE\	? ௔ܸ ൌ 	 ?௔ܸ௨ ൅ 	 ? ௔ܸ௟ ൌ	 ? 	 ? ሺெଶ 	 ? ߱ݐ 	 ? ܸଵ ߱ݐ ൅ ଵଶ ଶܸ  	?߱ݐሻ     
7KLVPHDQVWKDW'&SKDVHOHJULSSOHYROWDJHFRQWDLQVRQO\
D QG KDUPRQLF FRPSRQHQW ZKLFK ZLOO SURGXFH D QG
KDUPRQLFFLUFXODWLQJFXUUHQWULSSOH݅ௗ௜௙௙ି௔௖ ൌ ܫௗ௜௙௙ ሺ	?߱ݐ ൅ ߠሻ             
,Q D SKDVH DSSOLFDWLRQ DVVXPLQJ D EDODQFHG ORDG WKH
'&VLGHULSSOHFXUUHQW LVJLYHQE\ZKLFKLQGLFDWHVWKDW
WKH FXUUHQW LQ WKH '& VLGH ZLOO QRW KDYH D QG KDUPRQLF
FRPSRQHQW	?ܫௗ௖ିଷ௣௛ ൌ ݅ௗ௜௙௙ೌ ି௔௖ ൅ ݅ௗ௜௙௙್ି௔௖ ൅ ݅ௗ௜௙௙೎ି௔௖ൌ ܫௗ௜௙௙ೌ ሺ	?߱ݐ ൅ ߠሻ ൅ ܫௗ௜௙௙್ ሺ	?ሺ߱ݐ ൅ 	?	?	?௢ሻ ൅ ߠሻ൅ ܫௗ௜௙௙೎ ሺ	?ሺ߱ݐ ൅ 	?	?	?௢ሻ ൅ ߠሻൌ ܫௗ௜௙௙ೌ ሾሺ	?߱ݐ ൅ ߠሻ ൅ ሺ	?߱ݐ ൅ ߠ ൅ 	?	?	?௢ሻ൅ ሺ	?߱ݐ ൅ ߠ ൅ 	?	?	?௢ሻሿ ൌ 	 ? 
)RUDSKDVHOHJLQYHUWHUKRZHYHULQVWHDGRIFDQFHOOLQJ
HDFKRWKHU WKHQGKDUPRQLFFRPSRQHQWVZLOOEHGRXEOHG LQ
WKH'&VLGHFXUUHQWDVVKRZQLQ
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	?ܫௗ௖ ൌ 	 ?ௗ݅௜௙௙ೌ ൅ 	 ?ௗ݅௜௙௙್ ൌ ܫௗ௜௙௙ೌ ሺ	?߱ݐ ൅ ߠሻ ൅ ܫௗ௜௙௙್ ሺ	?ሺ߱ݐ ൅ 	?	?	?௢ሻ ൅ ߠሻൌ 	 ?ܫௗ௜௙௙ೌ ሺ	?߱ݐ ൅ ߠሻ 
7KH'&VLGHFXUUHQWKDUPRQLFVZLOOLQFUHDVHWUDQVPLVVLRQ
SRZHU ORVVHV DQG FRXOG SRWHQWLDOO\ OHDG WR '& QHWZRUN
PDOIXQFWLRQ 7KH FXUUHQW FLUFXODWLQJ EHWZHHQ SKDVHV ZLOO
LQFUHDVH WKHVHPLFRQGXFWRUSRZHU ORVVHVZKLFK PD\ UHGXFH
HIILFLHQF\DQGOHDGWRRYHUUDWLQJRIGHYLFHV$QLQSXWILOWHULV
RIWHQ UHTXLUHG IRU D FRQYHQWLRQDO OHYHO FRQYHUWHU )LJ 
ZKLFKVWRSV WKHQGKDUPRQLFHQHUJ\IURPEHLQJ WUDQVPLWWHG
WR WKH '& VLGH ,Q FRQWUDVW 00&V IHDWXUH GLVWULEXWHG 60
FDSDFLWDQFH ZKHUH FLUFXODWLQJ FXUUHQW VXSSUHVVLRQ FRQWURO
FDQ EH XVHG WR FRPSHQVDWH WKH FRPPRQPRGH YROWDJH E\
LQVHUWLQJDQGE\SDVVLQJWKHUHTXLUHGQXPEHURI60V 
2) Rationale for Current Suppression Control 
$VVXPSWLRQ  LQ 6HFWLRQ ,,, LV QRW DSSOLFDEOH VLQFH WKHUH
DUHHYHQKDUPRQLFFRPSRQHQWV LQ WKHFLUFXODWLQJFXUUHQW idiff
> @ 7KHUHIRUH XSSHU DQG ORZHU DUP FXUUHQWV DUH UH
ZULWWHQDVDQGDQGidiffFDQEHGHULYHGDV݅௔௨ ൌ ݅ௗ௜௙௙ ൅ ௜ೌ೚ଶ   ݅௔௟ ൌ ݅ௗ௜௙௙ െ ௜ೌ೚ଶ                          ݅ௗ௜௙௙ ൌ ௜ೌೠା௜ೌ೗ଶ                           
idiffLVJHQHUDWHGE\WKHYROWDJHGLIIHUHQFHEHWZHHQVdcDQG
SKDVH YROWDJH %HIRUH GHVLJQLQJ WKH FXUUHQW VXSSUHVVLRQ
FRQWUROOHU LW LV LPSRUWDQW WR GHULYH WKLV YROWDJH GLIIHUHQFH
$FFRUGLQJWR)LJDQGFDQEHREWDLQHGDFFRUGLQJ
WR .LUFKKRII
V YROWDJH ODZ ZKHUH R UHSUHVHQWV WKH SDUDVLWLF
RKPLF ORVVHV 7KH RXWSXW YROWDJH vao FDQ EH GHULYHG DV WKH
GLIIHUHQFHRIDQGDVSUHVHQWHGLQ௏೏೎ଶ െ ݒ௔௨ െ ܴ݅௔௨ െ ܮ௔௥௠ ௗ௜ೌೠௗ௧ െ ݒ௔௢ ൌ 	 ?  ௏೏೎ଶ ൅ ݒ௔௢ െ ܴ݅௔௟ െ ܮ௔௥௠ ௗ௜ೌ೗ௗ௧ െ ݒ௔௟ ൌ 	 ?  ݒ௔௢ ൌ ି௩ೌೠା௩ೌ೗ଶ ൅ ଵଶܴ݅௔௢ ൅ ௅ೌೝ೘ଶ ௗ௜ೌ೚ௗ௧   
(TXDWLRQ  GHILQHV ea DV WKH GLIIHUHQWLDO PRGH
FRPSRQHQWRIWKHDUPYROWDJHVDQGLOOXVWUDWHVWKDWeaFRQWUROV
WKHRXWSXWFXUUHQWiaoGLUHFWO\LHFRQWUROVWKHRXWSXWSRZHU݁௔ ൌ ି௩ೌೠା௩ೌ೗ଶ    
%\ DGGLQJ  DQG  DQG FRPELQLQJ ZLWK  
FDQEHGHULYHGௗܸ௖ െ ሺݒ௔௨ ൅ ݒ௔௟ሻ ൌ 	 ?ܴௗ݅௜௙௙ ൅ 	 ?ܮ௔௥௠ ௗ௜೏೔೑೑ௗ௧   
$V JLYHQ E\  udiff GHQRWHV KDOI RI WKH YROWDJH
GLIIHUHQFH EHWZHHQ WKH '&VLGH YROWDJH DQG WKH VXP RI WKH
XSSHU DQG ORZHU DUP YROWDJHV ,W VKRZV WKDW FRPPRQPRGH
DUPYROWDJHudiffJLYHVULVHWRWKHFLUFXODWLQJFXUUHQW)LJ
ZKLFK LQGLFDWHV WKDW WKH FRQWURO RI idiff FDQ EH UHDOLVHG E\
UHJXODWLQJ udiff >@ 7KH FXUUHQW FRQWURO EORFN GLDJUDP LV
VKRZQLQ)LJ
    
)LJ(TXLYDOHQW
FLUFXLWRIFLUFXODWLQJ
FXUUHQW
 )LJ   &XUUHQW VXSSUHVVLRQ FRQWURO EORFNGLDJUDP idiff LV WKH IHHGEDFN VLJQDO DQG idiff* LV
WKHUHIHUHQFH
 ݑௗ௜௙௙ ൌ ௗܸ௖ െ ሺݒ௔௨ ൅ ݒ௔௟ሻ	? ൌ ܴ݅ௗ௜௙௙ ൅ ܮ௔௥௠ ݀݅ௗ௜௙௙݀ݐ  
%\VXEVWLWXWLQJLQWRWKHUHIHUHQFHVIRUWKHXSSHU
DQGORZHUDUPYROWDJHVDUHJLYHQE\DQG>@ݒ௔௨כ ൌ ௏೏೎ଶ െ ݁௔ െ ݑௗ௜௙௙  ݒ௔௟כ ൌ ௏೏೎ଶ ൅ ݁௔ െ ݑௗ௜௙௙  
eaLVJHQHUDWHGE\WKHPDLQ3:0FRQWUROOHUWRFRQWUROWKH
RXWSXW YROWDJH DQG SRZHU udiff LV WKH YROWDJH GLIIHUHQFH
JHQHUDWHG E\ WKH FXUUHQW VXSSUHVVLRQ FRQWUROOHU WR VXSSUHVV
WKHFLUFXODWLQJFXUUHQW
3) Current Suppression Controllers 
 PR Control 
7KHVWDQGDUGSURSRUWLRQDOLQWHJUDO3,FRQWUROOHUIXQFWLRQV
DGHTXDWHO\IRU'&TXDQWLWLHV)RUVLQJOHSKDVH$&KRZHYHU
D 3, FRQWUROOHU LQWURGXFHV D UHVLGXDO FRQVWDQW HUURU >@ ,Q
FRQWUDVWD35FRQWUROOHUFDQDFKLHYH]HURVWHDG\VWDWHHUURUDW
DFHUWDLQRSHUDWLQJIUHTXHQF\>@GXH WR LWV LQILQLWHJDLQDV
VKRZQ LQ WKH %RGH SORW LQ )LJ  $GGLWLRQDOO\ WKH 35
FRQWUROOHU KDV D YHU\ QDUURZ EDQGZLGWK ZKLFK HQVXUHV WKH
FRQWUROOHU RQO\ DIIHFWV FLUFXODWLQJ FXUUHQW DW D FHUWDLQ
IUHTXHQF\$35FRQWUROOHULVGHVLJQHGDW+]WRHOLPLQDWH
WKHQGKDUPRQLFFLUFXODWLQJFXUUHQW
7KHWUDQVIHUIXQFWLRQRIWKH35FRQWUROOHULVJLYHQE\
௉ோሺሻ ൌ ܭ௉ ൅ ௄ೝ௦௦మାఠ೙మ   ZKHUH KP DQG Kr DUH WKH SURSRUWLRQDO DQG UHVRQDQW JDLQV
UHVSHFWLYHO\DQGȦnLVWKHUHVRQDQWIUHTXHQF\
)LJ  %RGHSORWRI35FRQWUROOHUDW+]UHVRQDQWIUHTXHQF\

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)UHTXHQF\+]
$V VKRZQ LQ)LJKDOI WKH VXPRI WKH DUPFXUUHQWV LV
WKHFLUFXODWLQJFXUUHQWidiff7KHQWKHKLJKSDVVILOWHU+]FXW
RII IUHTXHQF\ ILOWHUV RXW WKH '& FRPSRQHQW OHDYLQJ RQO\
KDUPRQLFVidiff_acDPRQJZKLFKWKHQGKDUPRQLFGRPLQDWHV
7KH QG RUGHU KDUPRQLF FXUUHQW UHIHUHQFH i*diff_ac LV VHW WR
]HURDQGFRPSDUHGZLWK idiff_ac7KHLUGLIIHUHQFH LVIHG LQWRD
35FRQWUROOHUZKLFKJHQHUDWHVDQ LQILQLWHJDLQDQGDFKLHYHV
]HURVWHDG\ VWDWH HUURU DW  +] 7KH RXWSXW udiff LV WKHQ
VXEWUDFWHG IURP WKH DUP YROWDJH PRGXODWLRQ UHIHUHQFHV LQ
DQGLQRUGHUWRFRPSHQVDWHWKHYROWDJHYDULDWLRQVRI
WKHVXEPRGXOHFDSDFLWRUV
)LJ  35FRQWUROEORFNIRUFLUFXODWLQJFXUUHQWVXSSUHVVLRQ
6LPXODWLRQ UHVXOWV IRU D  N: OHYHO SKDVHOHJ 6L
026)(700&DUHVKRZQLQ)LJ7KHILJXUHVKRZVWKDW
ZLWK WKH 35 FRQWUROOHU WKH QG KDUPRQLF LQ WKH FLUFXODWLQJ
FXUUHQW LV DOPRVW HOLPLQDWHG DQG WKH DUP FXUUHQWV DUH
FRPSRVHG RI D  +] VLQH ZDYH ZLWK D '& RIIVHW :LWK
P+DUPLQGXFWDQFH WKH LQSXW'&FXUUHQW ULSSOH LV
ZKLFKLVZLWKLQWKHFXUUHQWGLVWRUWLRQOLPLW
)LJ  6LPXODWLRQUHVXOWVIRUDUPFXUUHQWVDQGFLUFXODWLQJFXUUHQWLQD
OHYHOSKDVHOHJ6L026)(700&ZLWKRXWDQGZLWK35FXUUHQWFRQWURO
Vdc 9Vout 9N: Larm P+
 PI Control with Orthogonal Imaginary Axis 
'4 WUDQVIRUPDWLRQ LV FRPPRQO\ XVHG LQ WKUHHSKDVH
V\VWHPV ZKHUH $& VLJQDOV DUH WUDQVIRUPHG WR D WZRD[LV
VWDWLRQDU\ Įȕ IUDPH WKHQ LQWR D URWDWLQJ GT UHIHUHQFH
IUDPH ZKHUH WKH VLJQDOV DUH FRQYHUWHG WR '& TXDQWLWLHV
7KHUHE\ D 3, FRQWUROOHU FDQ EH DGRSWHG WR DFKLHYH ]HUR
VWHDG\VWDWH HUURU +RZHYHU IRU D VLQJOHSKDVH V\VWHP LQ
RUGHU WR DSSO\ GT WUDQVIRUPDWLRQ DQG DFKLHYH ]HUR VWHDG\
VWDWHHUURU D ILFWLWLRXVSKDVH PXVWEH FUHDWHG WRJHQHUDWHDQ
RUWKRJRQDOSODQH >@7KHUHDUHPDQ\ZD\V WRJHQHUDWH WKH
YLUWXDO D[LV IURP D VLQJOHSKDVH VLJQDO VXFK DV VKLIWLQJ WKH
$&VLJQDOE\>@RUDSSO\LQJDILUVWRUGHUDOOSDVVILOWHU
SKDVH VKLIWHU >@ RU D VHFRQGRUGHU JHQHUDOLVHG LQWHJUDWRU
>@ 
,QWKLVVWXG\WKHRUWKRJRQDOD[LVLVJHQHUDWHGE\GHOD\LQJ
WKH UHDO VLJQDO E\  )LJ  D 7KH UHDO FXUUHQW LV idiff
DIWHU WKH KLJKSDVV ILOWHU LQ ZKLFK WKH QG KDUPRQLF
GRPLQDWHV7KH VWDWLRQDU\ĮȕFRRUGLQDWHFDQEH WUDQVIRUPHG
WR WKH GT FRRUGLQDWH V\VWHP URWDWLQJ DW  +] WKURXJK WKH
3DUN7UDQVIRUPDWLRQ

D7ZRSKDVHVWDWLRQDU\ĮȕIUDPH E7ZRSKDVHURWDU\GTIUDPH
)LJ  5HIHUHQFH IUDPHV IRU3DUN7UDQVIRUPDWLRQ7 LV WKH IXQGDPHQWDO
WLPHSHULRGDQGWKHUHDOFXUUHQWLVWKHQGKDUPRQLFFRPSRQHQW
$VVKRZQLQWKHFRQWUROEORFNGLDJUDPRI)LJWZR'&
TXDQWLWLHV id DQG iq DUH JHQHUDWHG DIWHU WKH 3DUN
7UDQVIRUPDWLRQ5HIHUHQFHVLJQDOVi*dDQGi*qDUHVHWWR]HURWR
HOLPLQDWH WKH LQSXW KDUPRQLF VLJQDO $ 3, FRQWUROOHU LV WKHQ
DSSOLHG WR HQVXUH D ]HUR VWHDG\VWDWH HUURU $OWKRXJK iq LV
LPDJLQDU\DQGGRHVQRWH[LVWSUDFWLFDOO\WKH3,FRQWURODFWLRQ
KDV EHHQ UHDOLVHG LQ WKH GT UHIHUHQFH IUDPH 7KH
FRPSHQVDWLRQKRZHYHULVRQO\DSSOLHGWRWKHUHDOVLJQDOLH
RQO\udiffZLOOEHXVHGIRUDQG൤݅ௗ݅௤൨ ൌ ቂ ߱ݐ ߱ݐെ ߱ݐ ߱ݐቃ 	 ? ൤݅ఈ݅ఉ൨ 
ZKHUHȦt 2(2ʌ/T0)tLQWKLVDSSOLFDWLRQ 
)LJ   3, FXUUHQW VXSSUHVVLRQ FRQWURO EORFN GLDJUDP ZLWK LPDJLQDU\
RUWKRJRQDOD[LV
6LPXODWLRQ UHVXOWV IRU D  N: OHYHO SKDVHOHJ 6L
026)(700&DUHVKRZQLQ)LJ:LWKD3,FRQWUROOHU
WKH QG KDUPRQLF LQ WKH FLUFXODWLQJ FXUUHQW LV DOPRVW
HOLPLQDWHG 6LPLODU WR WKH 35 FRQWUROOHU 3, FRQWUROOHG LQSXW
'&FXUUHQWULSSOHLV
B.   Output Voltage Regulation 
7KH YROWDJH UHJXODWLRQ LV GHVLJQHG WR VWDELOLVH WKH RXWSXW
YROWDJH IRU YDU\LQJ ORDG FRQGLWLRQV :KHQ WKH ORDG FXUUHQW
FKDQJHVWKHYROWDJHGURSDFURVVWKHDUPLQGXFWRUVDQGILOWHU
ZLOOFKDQJHZKLFKJLYHVULVH WRDQHUURUEHWZHHQWKHRXWSXW
YROWDJHvoDQGWKHRXWSXWYROWDJHUHIHUHQFHv* )LJ)RU
VLQJOHSKDVH $& D 35 FRQWUROOHU ZLWK  +] UHVRQDQW
    
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1R&XUUHQW&RQWURO7LPHV
IUHTXHQF\LVDGRSWHGEHFDXVHLWFDQSURYLGH]HURVWHDG\VWDWH
HUURU>@ 3DUDPHWHUV IRU WKH RYHUDOO FRQWURO VFKHPDWLF
EORFNVVKRZQLQ)LJDUHOLVWHGLQ7DEOH
)LJ  6LPXODWLRQUHVXOWVIRUDUPFXUUHQWVDQGFLUFXODWLQJFXUUHQWLQD
OHYHO SKDVHOHJ 6L 026)(7 00& ZLWKRXW DQG ZLWK 3, FXUUHQW FRQWURO
Vdc 9Vout 9N: Larm P+
7KH 35 FRQWUROOHU JHQHUDWHV WKH  +] IXQGDPHQWDO
FRQWURO VLJQDO IRU WKH 00& )RU H[DPSOH  VKRZV WKH
UHODWLRQVKLS RI LQYHUWHU RXWSXW vinv DQG '&VLGH YROWDJH LQ D
VLQJOHSKDVHOHJ00&ZKHUHMDQGύDUHJHQHUDWHGE\WKH
35 FRQWUROOHU DFFRUGLQJ WR WKH DUP LQGXFWDQFH ILOWHU
LPSHGDQFHDQG WKHHUURUEHWZHHQvo DQGv7RVLPSOLI\ WKH
PDWKHPDWLFVWKHILOWHULVDVVXPHGWREHDSDVVLYH/&ILOWHU ௜ܸ௡௩ ൌ ܯ௏௦௜௡ 	 ?ௗܸ௖ ൌ ܯ ሺ߱ݐ ൅ ߠሻ ௗܸ௖  

)LJ  2YHUDOOFRQWUROVFKHPDWLFEORFNVRI00&

7DEOH3DUDPHWHUVIRUWKH00&RYHUDOOFRQWUROVFKHPDWLF 
vo 2XWSXWORDGYROWDJH
v 2XWSXWYROWDJHUHIHUHQFH
vinv ,QYHUWHURXWSXW 
ZL /RDGLPSHGDQFH
MVsin 2XWSXWPRGXODWLRQVLJQDORIYROWDJHFRQWUROOHU
MVau 8SSHUDUPPRGXODWLRQVLJQDO
MVal /RZHUDUPPRGXODWLRQVLJQDO
Mudiff &RPSHQVDWLQJVLJQDORIFLUFXODWLQJFXUUHQWVXSSUHVVLRQFRQWURO
%DVHGRQ)LJWKHLPSHGDQFHRICfLQSDUDOOHOZLWKZLLV
H[SUHVVHGE\7KHLQGXFWDQFHLVWKHVXPRIKDOIWKHDUP
LQGXFWDQFHLarmDQGWKHILOWHULQGXFWDQFH+HQFHvoDQG vinv
DUHUHODWHGDFFRUGLQJWRZKHUHȖLVWKHDQJOHGLIIHUHQFH
EHWZHHQvoDQG vinvܼ௢ ൌ ܥ௙ȀȀܼ௅ ൌ ௓ಽଵା௝ఠ஼೑௓ಽ  ݒ௢ ൌ ௓೚௝ఠቀಽೌೝ೘మ ା௅೑ቁା௓೚ 	 ? ݒ௜௡௩ ൌ ȁܼȁ݁௜ఊݒ௜௡௩  
(TXDWLRQ LVGHULYHGE\VXEVWLWXWLQJLQWRM
DQGύ DUHFDOFXODWHG E\HYDOXDWLQJ WKHDPSOLWXGHDQGSKDVH
DQJOHRIDVVKRZQLQDQGUHVSHFWLYHO\෠ܸ௢ ߱ݐ ൌ ȁܼȁ 	? ܯ 	? ሺ߱ݐ ൅ ߠ ൅ ߛሻ 	? ܸௗ௖   ൌ ௏෡೚ȁ௓ȁ	긋?೏೎   ߠ ൌ െߛ ൌ ିଵ ఠோಽሺಽೌೝ೘మ ା௅೑ሻி	?ȁ௓ಽȁమାఠ௑ಽሺಽೌೝ೘మ ା௅೑ሻ  
ZKHUH ෠ܸ௢ LV WKH SHDN RXWSXW YROWDJH DQG ܼ௅ ൌ ܴ௅ ൅ ݆ܺ௅ LVWKHORDGLPSHGDQFH
F LV D IDFWRU UHODWLQJ WKH DUP LQGXFWDQFH DQG ILOWHU
SDUDPHWHUV DQG Z UHIHUV WR WKH LPSHGDQFH SURSRUWLRQ WKDW
GHILQHVWKHYROWDJHVKDULQJDVVKRZQLQDQGܨ ൌ 	 ? െ ଶ߱ܥ௙ሺܮ௔௥௠	? ൅ ܮ௙ሻ ܼ ൌ ி	?ȁ௓ಽȁమାఠ௑ಽቀಽೌೝ೘మ ା௅೑ቁି௝ఠோಽሺಽೌೝ೘మ ା௅೑ሻிమ	?ȁ௓ಽȁమାଶఠ௑ಽሺಽೌೝ೘మ ା௅೑ሻ	긋?ାఠమሺಽೌೝ೘మ ା௅೑ሻమ  
7KH 35 FRQWUROOHU LV DEOH WR JHQHUDWH M DQG ύ
DXWRPDWLFDOO\WRFRPSHQVDWHWKHRXWSXWYROWDJHHUURU)LJ
VKRZV WKH VLPXODWLRQ UHVXOWV IRU D OHYHO 00& ZKHUH WKH
RXWSXWSRZHUFKDQJHVIURP:WRN:DWt V
)LJ   9ROWDJH DQG FXUUHQWV ZDYHIRUPV IRU D  N: WZRSKDVHOHJ 
OHYHO00&ZKHQWKHORDGLVLQFUHDVHGDWt V
7KH UHVXOWV LQGLFDWH WKDW WKH RXWSXW YROWDJH vo FDQ EH
VWDELOLVHG GXULQJ WKH WUDQVLWLRQ IURP DOPRVW QR ORDG WR WKH
IXOOORDGFRQGLWLRQ$UPFXUUHQWVDQGRXWSXWFXUUHQWXQGHUJR
    
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
8SSHUDUPFXUUHQW
/RZHUDUPFXUUHQW
&LUFXODWLQJFXUUHQW
DVXGGHQ LQFUHDVHDW t VDQG WKHDUPFXUUHQWVDUHVWDEOH
DQG IUHH IURP QG KDUPRQLF GLVWRUWLRQ 7KH ))7 DQDO\VLV
VKRZVWKDWWKHWRWDOKDUPRQLFGLVWRUWLRQ7+'RIWKHRXWSXW
YROWDJH DQG FXUUHQW DUH  DQG  UHVSHFWLYHO\ WKXV
LQGLFDWLQJYHU\KLJKTXDOLW\RXWSXWSRZHU
9 (;3(5,0(17$/5(68/76$1'$1$/<6,6
$026)(7EDVHGVLQJOHSKDVHOHJOHYHO00&WHVW ULJ
ZDV EXLOW WR YHULI\ WKH WZR FXUUHQW VXSSUHVVLRQ FRQWURO
PHWKRGV
A.   Hardware Setup 
7KH 00& SURWRW\SH FRQVLVWVRI60V LQ RQH DUP D7,
) GLJLWDO VLJQDO SURFHVVRU '63 DQG YROWDJH DQG
FXUUHQW WUDQVGXFHUVDVVKRZQLQ)LJ7KHOHYHOVLQJOH
SKDVHOHJ 00& FLUFXLW GLDJUDP LV VKRZQ LQ)LJ  DQG LWV
VLJQDO SURFHVV LV VKRZQ LQ )LJ  (LJKW 60 FDSDFLWRU
YROWDJH VLJQDOV DQG WZR FXUUHQWV VLJQDOV DUH GHWHFWHG E\ WKH
YROWDJH DQG FXUUHQW WUDQVGXFHUV 7KH WHQ IHHGEDFN VLJQDOV
IURP WKH WUDQVGXFHUVDUHVHQW WR WKH LQWHUIDFHFLUFXLWVZKLFK
SURYLGH LVRODWLRQ 7KH '63 LPSOHPHQWV FXUUHQW VXSSUHVVLRQ
FRQWURO ZLWK D  N+] RYHUDOO VZLWFKLQJ IUHTXHQF\ (LJKW
3:0 VLJQDOV DUH JHQHUDWHG WR FRQWURO WKH 60V ZLWK
FRPSOLPHQWDU\FLUFXLWERDUGVWRFUHDWHFRPSOLPHQWDU\VLJQDOV
IURPWKHVHHLJKWVLJQDOVZLWKDVGHDGWLPHIRUHDFKSRZHU
026)(7V
)LJ  6LQJOHSKDVHOHJOHYHO00&SURWRW\SH

 )LJ  7HVWULJWRSRORJ\OHYHOVLQJOHSKDVHOHJ00&

)LJ  OHYHOVLQJOHSKDVHOHJ00&VLJQDOSURFHVV
B.   Experimental Results 
7DEOH  OLVWV WKH H[SHULPHQWDO SDUDPHWHUV IRU WKH VLQJOH
SKDVHOHJ OHYHO 00& 7ZR GLIIHUHQW FXUUHQW VXSSUHVVLRQ
FRQWUROVWUDWHJLHV35FRQWURODQG3,FRQWUROZLWKRUWKRJRQDO
LPDJLQDU\D[LVDUHDSSOLHGDQGUHVXOWVDUHVKRZQLQ)LJ
7DEOH([SHULPHQWDOSDUDPHWHUVIRUWKHVLQJOHSKDVHOHJOHYHO00&
6XEPRGXOHFDSDFLWDQFH P) $UPLQGXFWDQFH P+
6QXEEHUFDSDFLWDQFH Q) 6QXEEHUUHVLVWDQFH 
6ZLWFKLQJIUHTXHQF\ N+] ,QSXW'&YROWDJH 9
/RDGUHVLVWDQFH  /RDGLQGXFWDQFH P+

7KH WZR FXUUHQW VXSSUHVVLRQ FRQWUROOHUV ZHUH GHVLJQHG
DVVXPLQJ SHUIHFW EDODQFHG 60 FDSDFLWDQFHV 7KHLU
VLPXODWLRQ UHVXOWV ZHUH SURYHG WR EH HTXDOO\ HIIHFWLYH DV
VKRZQLQ)LJDQG)LJ+RZHYHUDVVKRZQLQ)LJ
WKH H[SHULPHQWDO UHVXOWV IRU ERWK FRQWURO PHWKRGV VKRZ WKH
SUHVHQFH RI FLUFXODWLQJ FXUUHQW FRPSRQHQWV WKDW DUH QRW
SUHGLFWHG E\ WKH LQLWLDO VLPXODWLRQ &RPSDUHG WR WKH WXQHG
35VHFRQGKDUPRQLFFXUUHQWFRQWUROOHUWKHURWDWLQJIUDPH3,
FRQWUROOHU JLYHV D VXSHULRU OHYHO RI SHUIRUPDQFH )LJ D
DOVR VKRZV WKDW ZLWK 35 FRQWURO WKH FLUFXODWLQJ FXUUHQW
FRQWDLQVIXQGDPHQWDODQGWKLUGKDUPRQLFFRPSRQHQWV
D:LWK35FXUUHQWVXSSUHVVLRQFRQWURO
E:LWK3,FXUUHQWVXSSUHVVLRQFRQWURO
)LJ  ([SHULPHQWDOZDYHIRUPVIRUVLQJOHSKDVHOHJOHYHO00& 
Vao9GLY&XUUHQWV$GLY
2XWSXWYROWDJHVao


$UPFXUUHQWV



&LUFXODWLQJFXUUHQWV
2XWSXWYROWDJHVao


$UPFXUUHQWV



&LUFXODWLQJFXUUHQWV
$QXPEHURI LVVXHVKDYHEHHQLGHQWLILHGZKLFKFDQUHVXOW
LQGHJUDGHGSHUIRUPDQFHRIWKHFLUFXODWLQJFXUUHQWFRQWUROOHU
)LUVWRIDOO LQ WKH0DWODEVLPXODWLRQDOO WKHVXEPRGXOHVDUH
LGHQWLFDO +RZHYHU LQ WKH WHVW ULJ WKHUH LV GHYLFHWRGHYLFH
GHYLDWLRQ RI 60 FDSDFLWDQFH 7KH VWDQGDUG FDSDFLWRU
WROHUDQFH LV  >@ 7KH nWK KDUPRQLF FDSDFLWRU YROWDJH
¨uCnt LQ  ZLOO QRW EH WKH VDPH IRU XSSHU DQG ORZHU
DUPVEHFDXVHRIGLIIHUHQW&YDOXHV LH WKHDPSOLWXGHVRInth
KDUPRQLF FDSDFLWRU YROWDJHV Vn DUH GLIIHUHQW IRU XSSHU DQG
ORZHUYROWDJHV7KHUHIRUHULSSOHYROWDJHDFURVVWKHSKDVHOHJ
FDQEHUHZULWWHQDV	? ௔ܸ ൌ 	 ?௔ܸ௨ ൅ 	 ? ௔ܸ௟ ൌ ଵଶ ሺ ଵܸ௟ െ ଵܸ௨ሻ ߱ݐ ൅ ଵଶ 	?ሾܯሺ ଵܸ௨ ൅ ଵܸ௟ሻ ଶ߱ݐ ൅ ሺ ଶܸ௨ ൅ ଶܸ௟ሻ  	?߱ݐሿ ൅ ெଶ 	?ሺ ଶܸ௟ െ ଶܸ௨ሻ ߱ݐ  	?߱ݐ             
7KHUHDUHIXQGDPHQWDODQGUGKDUPRQLFFRPSRQHQWVLQWKH
ULSSOH YROWDJH DFURVV RQH SKDVH ZKLFK ZLOO UHVXOW LQ
XQEDODQFHG DUP FXUUHQWV DQG JLYH ULVH WR RGG KDUPRQLFV LQ
WKHFLUFXODWLQJFXUUHQW
7RIXUWKHULQYHVWLJDWHWKHHIIHFWVRIFDSDFLWDQFHYDULDWLRQ
DZRUVWFDVHFDSDFLWDQFHGHYLDWLRQEHWZHHQXSSHUDQGORZHU
DUPV LHOHVVFDSDFLWDQFHLQ WKHXSSHUDUPDQG
PRUHFDSDFLWDQFHLQWKHORZHUDUPZDVDVVXPHG
)LJ   6LPXODWHG DUP DQG FLUFXODWLQJ FXUUHQWV ZLWK PLVPDWFKHG
FDSDFLWDQFHXQGHU3,DQG35FRQWURO
 DQGKDUPRQLF35FRQWURO E3,ZLWKRUWKRJRQDOLPDJLQDU\D[LV
)LJ   ))7 DQDO\VLV RI FLUFXODWLQJ FXUUHQW ZLWK PLVPDWFKHG FDSDFLWDQFH
XQGHU3,DQG35FRQWURO

)LJ  DQG )LJ  UHVSHFWLYHO\ VKRZ WKH UHVXOWLQJ
VLPXODWHG DUP DQG FLUFXODWLQJ FXUUHQW ZDYHIRUPV DQG WKHLU
))7 DQDO\VLV XQGHU ERWK 35 DQG 3, ZLWK RUWKRJRQDO
LPDJLQDU\D[LVFRQWUROVFKHPHV7KHILJXUHVVKRZWKDWWKH3,
ZLWK RUWKRJRQDO LPDJLQDU\ D[LV FRQWUROOHU SHUIRUPV EHWWHU
WKDQ WKH35FRQWUROOHUKDYLQJD7+'RIDSSUR[LPDWHO\KDOI
RIWKDWRIWKH35VFKHPH
C.   Improved Circulating Current Control Models 
7KH RULJLQDO 35 DQG 3, ZLWK RUWKRJRQDO LPDJLQDU\ D[LV
FRQWURO RSWLRQV DUH WZR YDULDQWV RI QDUURZ EDQGZLGWK
FRQWUROOHUVGHVLJQHGWRHOLPLQDWH WKHSUHGLFWHGQGKDUPRQLF
7KLV DSSURDFK DOORZV WKH µQDWXUDO¶ '& FXUUHQW WR IORZ
FRQWUROOLQJ $& FRPSRQHQWV WR ]HUR )RU ERWK FRQWURO
DSSURDFKHV KRZHYHU SUDFWLFDO UHVXOWV DQG ))7 DQDO\VLV
LQGLFDWH WKH SUHVHQFH RI RWKHU KDUPRQLF FRPSRQHQWV LQ WKH
FLUFXODWLQJ FXUUHQW UHVXOWLQJ IURP FDSDFLWRU PLVPDWFK 
$PRQJVWWKHWHFKQLTXHVWKDWFRXOGEHHPSOR\HGWKHDGGLWLRQ
RI SDUDOOHOFRQQHFWHG FRQWURO VWDJHV LV D VLPSOH PHDQV RI
VXSSUHVVLQJ WKHVH DGGLWLRQDO KDUPRQLF FRPSRQHQWV 
$GGLWLRQDO 3, FRQWUROOHUV ZLWK RUWKRJRQDO LPDJLQDU\ D[HV
URWDWLQJ DW IUHTXHQFLHV FKRVHQ WR FRQWURO WKH KDUPRQLF
FRPSRQHQWV PD\ EH FRQQHFWHG LQ SDUDOOHO  6LPLODUO\ 35
FRQWUROOHUVZLWKFDUHIXOO\VHOHFWHGUHVRQDQWIUHTXHQFLHVZKLFK
FRLQFLGHZLWKDQGWKHUHIRUHVXSSUHVVWKHXQGHVLUHGKDUPRQLF
FXUUHQWFRPSRQHQWVPD\DOVREHFRQQHFWHGLQSDUDOOHO
 3DUDOOHOFRQQHFWHG35FRQWUROOHUV
3DUDOOHOFRQQHFWHG 35 FRQWUROOHUV ZLWK UHVRQDQFHV DW WKH
IXQGDPHQWDO QG UG DQG WK KDUPRQLF IUHTXHQFLHV ZHUH
GHVLJQHGDVVKRZQLQ
௉ோሺሻ ൌ ܭ௉ ൅ 	? ௄ೝ೓	긋?௦మାሺ௛	?ఠబሻమ ǡ݄ ൌ 	?ǡ	?ǡ	?ǡ	?   ZKHUH Ȧ0 GHQRWHV WKH IXQGDPHQWDO IUHTXHQF\ DQG h LV WKH
KDUPRQLFRUGHU
 3DUDOOHOFRQQHFWHG3,FRQWUROOHUV
,Q WKLV LPSURYHG FRQWUROOHU WZR 3, FRQWUROOHUV ZLWK GT
UHIHUHQFHIUDPHVURWDWLQJDW+]DQG+]DUHFRQQHFWHG
LQSDUDOOHO
6LPXODWLRQ UHVXOWV IRU WKH PRGLILHG 35 DQG 3, FRQWURO
VFKHPHVRSHUDWLQJXQGHUFRQGLWLRQVRIFDSDFLWDQFHPLVPDWFK
DUHSUHVHQWHGLQ)LJ 
7KH ))7 DQDO\VLV VKRZQ LQ 7DEOH  LOOXVWUDWHV WKDW WKH
PRGLILHGFRQWUROOHUVFDQLPSURYHWKHFLUFXODWLQJFXUUHQWZLWK
WKH 7+' DWWULEXWHG WR DOO RI WKH H[DPLQHG IUHTXHQF\
FRPSRQHQWVEHLQJVLJQLILFDQWO\UHGXFHGLQFRPSDULVRQWRWKH
RULJLQDO FRQWURO WRSRORJLHV  ,Q FRQWUDVW WR WKH VLPXODWLRQ
UHVXOWV SUHVHQWHG LQ )LJ  ZKHUH WKH 3, FRQWURO VFKHPH
RXWSHUIRUPHG WKH 35 VFKHPH ZLWK UHJDUG WR 7+' WKH
SDUDOOHOFRQQHFWHG 35 FRQWUROOHU H[KLELWV VXSHULRU
SHUIRUPDQFH WR WKDW RI WKH SDUDOOHOFRQQHFWHG 3, VFKHPH 
7KLV PD\ EH DWWULEXWHG WR WKH WZR DGGLWLRQDO FRQWURO
IUHTXHQFLHV LQWURGXFHG E\ WKH SDUDOOHOFRQQHFWHG 35
DSSURDFK
   




35FRQWUROOHU
   




3,ZLWKRUWKRJRQDOLPDJLQDU\D[LV
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


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
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)LJ   &XUUHQW VLPXODWLRQ ZDYHIRUPV XQGHU FDSDFLWDQFH PLVPDWFK ZLWK
LPSURYHGFRQWUROOHUV
7DEOH7+'DQDO\VLVRIFLUFXODWLQJFXUUHQWXQGHUGLIIHUHQWFRQWUROPHWKRGV
 35
3DUDOOHO
FRQQHFWHG35 3,
3DUDOOHO
FRQQHFWHG3,
7RWDO7+'    
)XQGDPHQWDO    
QGKDUPRQLF    
UGKDUPRQLF    
WKKDUPRQLF    
D.   Analysis of Experimental Results 
&RPSDULQJWKHWZRRULJLQDOFRQWUROPHWKRGVWKHVXSHULRU
SHUIRUPDQFH RI WKH 3, FRQWUROOHU FDQ EH DWWULEXWHG WR WZR
IDFWRUV)LUVWO\ WKH3,FRQWUROOHUKDVD ODUJHUEDQGZLGWK)RU
H[DPSOH DIWHU WKH3DUN7UDQVIRUPDWLRQDW +] WKH WKLUG
KDUPRQLFVLJQDOLVFRQYHUWHGLQWRHLWKHU+]RU+]7KH
3, FRQWUROOHU VWLOO KDV FHUWDLQ JDLQV DW WKHVH WZR IUHTXHQFLHV
WKDWPLJKWKHOS WRVXSSUHVVWKHKDUPRQLFV+RZHYHU WKH35
FRQWUROOHUKDV DYHU\QDUURZEDQGZLGWK DVSUHVHQWHG LQ)LJ
ZKLFKKDVQRHIIHFWRQRWKHUIUHTXHQF\KDUPRQLFV7KLVLV
YHULILHGE\WKHVLPXODWLRQUHVXOWVVKRZQLQ)LJ
$QRWKHU UHDVRQ IRU WKH GLIIHUHQFH EHWZHHQ WKHVH WZR
FRQWUROOHUV LV WKH GLVFUHWLVDWLRQ PHWKRG XVHG ZKHQ
LPSOHPHQWLQJ WKH FRQWUROOHU LQ WKH '63 =HURRUGHU KROG
=2+ LV HPSOR\HG IRU ERWK FRQWUROOHUV )RU V\VWHPV ZLWK
WLPHGHOD\V LQ IHHGEDFN ORRSV WKH=2+ PHWKRG OHDGV WRDQ
DSSUR[LPDWHGLVFUHWLVDWLRQUDWKHU WKDQDQH[DFWGLVFUHWLVDWLRQ
>@ 7KH 35 FRQWUROOHU LV VHFRQGRUGHU DQG LWV
LPSOHPHQWDWLRQ UHTXLUHV D UHODWLYHO\ KLJK VDPSOLQJ
IUHTXHQF\ ,W LV WKHUHIRUH PRUH VHQVLWLYH WR GLVFUHWLVDWLRQ
HUURUV ,QFRQWUDVW IRU WKH ILUVWRUGHU3,FRQWUROOHU WKH=2+
PHWKRGLVDEOHWRSURYLGHEHWWHUDFFXUDF\>@
,Q FRQFOXVLRQ IRU SUDFWLFDO VLQJOHSKDVH /9 00& D 3,
FRQWUROOHU ZLWK DQ RUWKRJRQDO LPDJLQDU\ D[LV SHUIRUPV ZHOO
DQGLVVLPSOHWRLPSOHPHQW,IIXUWKHULPSURYHGSHUIRUPDQFH
LV UHTXLUHG D SDUDOOHOFRQQHFWHG 35 FRQWUROOHU ZLWK
UHVRQDQFHV DW WKH IXQGDPHQWDO QG UG DQG WK KDUPRQLF
IUHTXHQFLHVRUDSDUDOOHOFRQQHFWHG3,FRQWUROOHUZLWKURWDU\
IUDPHVDWWKHIXQGDPHQWDODQGQGKDUPRQLFIUHTXHQFLHVZHUH
SURSRVHGDQGZHUHVKRZQ WKURXJKVLPXODWLRQ VWXGLHV WREH
HIIHFWLYH
9,&21&/86,21
'HWDLOHGGHVLJQRIDOHYHO6L026)(7EDVHG00&IRU
/9'&GLVWULEXWLRQDSSOLFDWLRQV KDVEHHQSUHVHQWHG*HQHUDO
HTXDWLRQVIRUDSKDVHOHJ00&WRHQDEOHVL]LQJRIWKH60
FDSDFLWDQFHDQGDUPLQGXFWDQFHZHUHSUHVHQWHGEDVHGRQ60
YROWDJH RVFLOODWLRQ DQG '&VLGH FXUUHQW YDULDWLRQ
UHTXLUHPHQWV UHVSHFWLYHO\ 6LPXODWLRQ UHVXOWV VKRZHG WKDW D
VPDOORXWSXWILOWHULVUHTXLUHGZKHQDQ00&ZLWKIHZHUWKDQ
 OHYHOV LV XVHG WR PHHW D  YROWDJH GLVWRUWLRQ OLPLW $
SDUDOOHO GDPSHG ILOWHU ZLWK D  Q) FDSDFLWRU ZDV
DFFRUGLQJO\GHVLJQHGIRUWKHOHYHO00&
7KHQGKDUPRQLFFRPSRQHQWLQWKHFLUFXODWLQJFXUUHQWLVD
VHYHUHSUREOHPDVLWGRXEOHVLQDPSOLWXGHDWWKH'&VLGHIRU
SKDVHOHJ FRQYHUWHUV OHDGLQJ WR LQFUHDVHG FRQYHUWHU DQG
'& FDEOH ORVVHV 7R VXSSUHVV QG KDUPRQLF FXUUHQW GRXEOH
OLQHIUHTXHQF\3,ZLWKRUWKRJRQDOLPDJLQDU\D[LVFRQWUROZDV
GHVLJQHG DQG FRPSDUHG ZLWK GRXEOH OLQHIUHTXHQF\ 35
FRQWURO 6LPXODWLRQ UHVXOWV VKRZHG WKDW SHUIRUPDQFH RI WKH
WZR FRQWUROOHUV ZDV FRPSDUDEOH +RZHYHU H[SHULPHQWDO
UHVXOWV IRU D OHYHO 00& KDUGZDUH SURWRW\SH VKRZHG WKDW
FLUFXODWLQJFXUUHQWFRQWDLQVRGGKDUPRQLFFRPSRQHQWVGXHWR
WKH GHYLFHWRGHYLFH GHYLDWLRQ RI 60 FDSDFLWDQFH
([SHULPHQWDO UHVXOWV SUHVHQWHG VKRZHG WKDW WKH 3, ZLWK
RUWKRJRQDO LPDJLQDU\ D[LV FRQWUROOHU KDV VXSHULRU KDUPRQLF
VXSSUHVVLRQ SHUIRUPDQFH ZKHQ FRPSDUHG WR WKH 35
FRQWUROOHU7KH ILUVWRUGHU3,FRQWUROOHU LV OHVV VXVFHSWLEOH WR
GLVFUHWLVDWLRQ HUURUV LQWURGXFHG GXULQJ '63 LPSOHPHQWDWLRQ
LQFUHDVLQJ LWV UHOLDELOLW\ $GGLWLRQDOO\ WKH LQFUHDVHG
EDQGZLGWK RI WKH 3, FRQWUROOHU LQ FRPSDULVRQ WR WKH 35
DSSURDFKPDNHVLWPRUHHIIHFWLYHLQLPSURYLQJFXUUHQW7+' 
7KH VHFRQGRUGHU 35 FRQWUROOHU LV PRUH VHQVLWLYH WR
GLVFUHWLVDWLRQ HUURUV DV ZHOO DV UHTXLULQJ D UHODWLYHO\ KLJK
VDPSOLQJIUHTXHQF\7KHUHIRUH3,ZLWKRUWKRJRQDOLPDJLQDU\
D[LVFRQWURO LV UHFRPPHQGHG IRU/900&DSSOLFDWLRQV 7R
IXUWKHU LPSURYHFXUUHQW VXSSUHVVLRQSHUIRUPDQFH DSDUDOOHO
FRQQHFWHG35FRQWUROOHUZLWKUHVRQDQFHVDWWKHIXQGDPHQWDO
QGUGDQGWKKDUPRQLFIUHTXHQFLHVRUDSDUDOOHOFRQQHFWHG
3, FRQWUROOHU ZLWK GT UHIHUHQFH IUDPHV URWDWLQJ DW WKH
IXQGDPHQWDODQGQGKDUPRQLFIUHTXHQFLHVPD\EHHPSOR\HG

$&.12:/('*0(17
7KH DXWKRUV JUDWHIXOO\ DFNQRZOHGJH WKH ILQDQFLDO VXSSRUW
RI WKH (365& (3, DQG WKH 16)&
(3/; DQG WKH WHFKQLFDO VXSSRUW RI 0U &KDUOHV
&URVHU
5()(5(1&(6
>@ '1LOVVRQDQG$6DQQLQR(IILFLHQF\DQDO\VLVRIORZDQGPHGLXP
YROWDJH'&GLVWULEXWLRQV\VWHPVLQIEEE Power Engineering Society 
General Meeting'HQYHU&2SS 
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>@ ' 6DORPRQVVRQ DQG $ 6DQQLQR /RZYROWDJH '& GLVWULEXWLRQ
V\VWHP IRU FRPPHUFLDO SRZHU V\VWHPV ZLWK VHQVLWLYH HOHFWURQLF
ORDGVIEEE Trans. Power Del., YROSS-XO
>@ (QHUJ\ 7UHQGV VHFWLRQ  UHQHZDEOHV 'HSDUWPHQW RI (QHUJ\ 	
&OLPDWH&KDQJH8.*RYHUQPHQW0DUFK
>@ 9 6WDQRMHYLF 0 %LOWRQ - 'UDJRYLF - 6FKRILHOG DQG * 6WUEDF
$SSOLFDWLRQRIGHPDQGVLGHUHVSRQVHDQGHQHUJ\VWRUDJHWRHQKDQFH
WKHXWLOL]DWLRQRI WKHH[LVWLQJGLVWULEXWLRQQHWZRUNFDSDFLW\ LQ22nd 
Int. Conf. and Exhibition on Electricity Distribution 6WRFNKROP
6ZHGHQSS
>@ %HQHILWV RI $GYDQFHG6PDUW0HWHULQJ IRU 'HPDQG 5HVSRQVHEDVHG
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